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1. Introduction

The dark matter (DM) problem is established through gravitational evidence from galaxies,
clusters, and the cosmic microwave background (CMB) [1-3]. Thermal weakly interacting massive
particles (WIMPs) naturally reproduce the observed relic abundance via freeze-out [4], but null
direct-detection results now exclude large regions of the GeV-TeV mass range [5]. Theories of
warped extra dimensions [6-9] provide an alternative origin for the weak scale and a natural home
for WIMPs. In this contribution, we investigate the Randall-Sundrum model (RS1), where the 4D
world is a slice of AdSs bounded by the ultraviolet (UV, Planck-scale) brane and the infrared (IR,
TeV-scale) brane; IR-localized fields couple to gravity-sector excitations with strength set by an
effective scale A ;. Imposing a stabilization mechanism on the RS background [10-12] introduces a
bulk scalar ¢ and a physical scalar fluctuation—the radion 7, the latter being the lightest excitation
of the gravitational sector. In this contribution, we show that the radion provides a resonant portal
between IR-brane DM and the Standard Model (SM), whilst accounting for a proper treatment
of metric background deformations (‘“back-reaction"). The viable freeze-out regime occurs for
Az ~ 20-100 TeV with m, below the TeV scale. The leading discovery handle in the remaining
parameter space is the spin-2 Kaluza-Klein (KK) sector.

2. Model and background

The gravitational action is detailed in [13—16], but the upshot is that it includes a 5D Einstein-
Hilbert term, as well as a bulk scalar field ¢ equipped with a scalar potential

Vi = 5V-GGM N ydind - NGV () + Y V-G Vi) M
i=1,2

where Gy is the 5D metric (with inverse GMY and determinant G), ¢ is a bulk scalar field,
and V(¢) is its bulk potential. The quantities G uv and G denote the induced 4D metric and its
determinant on branes located at y = y;. The terms proportional to § (y — y;) are the brane-localized
potentials V; (&), with y; = 0 and y, = 7r. (equivalently ¢ = 0, 7). The boundary potentials are
chosen such that the background geometry is stabilized[10, 11]. We parameterize the 5D metric of
our stabilized RS setup following [15-17] :

0 —r2(1 +24)? @

Gun =
in terms of coordinates x™ := (x#, ¢) with 0 < ¢ < 7, corresponding to the orbifold S'/Z,. The
UV and IR branes sit at the endpoints ¢ = 0 and ¢ = 7 (equivalently y = 0 and y = nr.). Here
A(¢) is the warp factor and r. encodes the inter-brane separation. The auxiliary field

1= i) (3)
= K7 (x, @),
2V6

where k = (4/M 53) 172 for the 5D Planck constant Ms. Fluctuations over the flat 4D background n v
(in the "mostly-minus" convention) are expressed as

Sy = My + Ky (X0, ) )
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for metric fluctuations A wv(X,y).
The tensor and scalar fluctuations are respectively expressed as KK towers of states

. 1 S,
har(529) = 2= D By @) v, (5)
¢ n=0
1 +00 )
) = 2= 2, F 0@ v, (6)
€ i=0

with ¢, and y; forming orthogonalising basis functions for either sectors. For the spin-2 sector,
the n = 0 mode represents the massless graviton that propagates Einstein’s general relativity in
four space-time dimensions, and n > 1 states corresponding to massive KK graviton excitations.
Analogously, the i = 0 mode of the scalar sector corresponds to the radion, with furtheri > 1 modes
named Goldberger-Wise (GW) scalar states [10, 11].

Furthermore, we follow [15, 16] and employ the superpotential inspired DeWolfe-Freedman-
Gubser-Karch (DFGK) model [12] for the scalar sector, obtaining the following analytic solutions

to the background equations:

do(p) = prerelel (7)

1
A(p) = krelo| — &qg%[l _ e—2urc|90|} , (8)

where ¢ = ¢(0) is the value of the scalar field on the Planck brane and the parameter

1 ) b1
Og_

re 2

U= )
encoding the variation along the extra dimension, where ¢, = ¢(rr) is the value of the scalar field
on the TeV brane. Requiring the hierarchy (set by k) to be large, Further details regarding the
procedure to obtain said spectrum and computation of couplings, as well as self-interactions among
the matter and the gravitational sector can be found in [15, 16, 18].

3. Experimental constraints and back-reaction phenomenology

Phenomenologically, it is convenient to trade the input parameters of the model {r., k, u, ¢1} —
or equivalently the dimensionless combinations {kr, ur., ¢ } — for the physical set {A , m1, m, M,
where A, is the cutoff scale which determines the couplings of the KK modes, m, is the lightest
spin-2 KK mass and m, = m ) is the lightest spin-0 KK mass (radion mass). With these parameters,
it has been shown that diphoton searches [21] constrain the lightest spin-2 mass to be m; > 4 TeV
for a cutoff scale A, > 20 GeV” [18]. In addition to existing diphoton searches from Belle-II,
ATLAS and CMS [20-24], we may recast existing constraints on the diphoton coupling of axion-
like particles (ALP) (see Figure 1 for compilation of these constraints on the A, — m, plane). We

I'The fourth parameter would be the mass of the lightest GW scalar, m(1). However, in this regime we have maximised
the allowed range of m, (in AdS) by fixing m ;) = 1.34m as the ratio of ith roots of the first and second Bessel functions
of the first kind.

2Lowering A, increases the bound on m; significantly, such that the latter approaches the EFT scale of A .
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Figure 1: Experimental constraints on the radion in the (A ., m,) parameter space. The outlined shaded
regions indicate exclusion limits, recast from existing bounds on pseudoscalar’s diphoton coupling, as
compiled in [19] and updated with [20-24]. The lavender-shaded region denotes the parameter space of
interest in this work, corresponding to A, > 20 TeV.

find that the aforementioned lower bound on A, forces the available parameter region for the radion

mass to be m, > 0.5 GeV, where lighter radions are excluded by a combination of the following:

LEP Z — vy decays [19], beam-dump, cosmological constraints and supernova cooling bounds

from Supernova (SN) 1987a’. We present the parameter space of interest to this work in Figure 1.
To encode the bulk geometry, we find that the expression for the Ricci curvature

1
R(yp) = 2 [20(0,A)% - 895A] (10
which yields
R(0)r2 =20 | kr. - diure 2 - %qﬁz(ur )2 (11)
€ <24 3T

near the Planck brane. In terms of the theoretical parameters, increasing the radion mass corresponds
to larger values of ur. and/or ¢, and as ¢, increases, R(0) switches sign from positive to negative*—

3For simplicity, we have assumed that the radion behaves similar to ALPs, with a dominant two-photon coupling
governing its production and escape from the supernova core. As demonstrated by [25], stronger couplings to nucleons
or electrons may lead to prompt decays being trapped within the star, relaxing and possibly reopening the SN1987A
cooling constraint. However, as we will see, whether or not this region of parameter space is open is ultimately irrelevant
for the present work.

4AdS corresponds to positive scalar curvature in our mostly minus metric convention.
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Figure 2: Left panel: Ricci curvature along the extra dimension for representative (A,,m;). For A, =
20 TeV and m| = 4 TeV, m, 2 250 GeV drives R(0) > 0 (locally dS) and is excluded. Right panel: Allowed
region in the (m,,m|) plane at fixed A, = 20 TeV, with contours of R(0)/ Mg. Horizontal lines indicate
current and projected diphoton limits on m;.

that is, the space becomes locally de Sitter (and is therefore unstable to local fluctuations in energy

density [26, 27]) once
2 1/2
&>ﬁ1_\/§ Ure + o, (12)
24 ur. 5 \kr,

2
where requiring a large hierarchy allows us to expand the (positive) root of % interms of ur. /kr. <

1. We show this behaviour in the mini-window of Figure 2 (left panel), assuming A, = 20 TeV and
my = 4 TeV as we increase the radion mass, such that there is an upper bound m, < 250 GeV by
necessitating our bulk geometry to be AdS. The allowed region in the {m, m, } plane is thus shown
in Figure 2 (right panel) for A, = 20 TeV, with contours of different values of the Ricci curvature
(in units of Ms).

4. Dark sector

The KK modes couple to TeV brane’s energy-momentum tensor (SM and DM) via the induced
metric G uv- For the lightest massive states,

AD 2A(7)
£y €900 ) TH,,. (13)
An' An lﬁl(ﬂ)

In the regime m, /m; < 1 we find |24y ()| = |1 (7r)], so the radion couples with effective
strength ~ 1/A to the trace Tﬁ . Consequently, the s-channel mediated by the radion dominates
®® — SM thermal annihilation. Near resonance, a narrow-width approximation yields the velocity-

averaged cross-section
[ 2 2
nymy —4mg Ky(m, [T)

48 AL mg T Ky (me/T)?

(ov) = vo(m,, me), (14)
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Figure 3: Scalar DM region yielding the observed relic density in (mg,m,) for A, = 20 TeV. Points
cluster near the thermalised on-resonance condition (dashed line) m, ~ 2ymg. Green-shaded regions are
combinations of m, and m; are locally AdS.

where K > are first and second modified Bessel functions of the second kind, 7" is temperature and
DM mass me.

We consider scalar (S), vector (V), and fermion (y) DM localised on the IR brane with
mass me, and interaction-dependent factors vg = (m?2 + 2m§)2, vy = %(m‘r1 - 4m%m%, + 12m‘\*,),
and v, = %m)z((mf - 4m)2(). For freezout-temperature® T =~ mqe/20 and me =~ m, /(2y(v)) near
resonance we obtain the following results®:

2
| TeV
(v)ss ~ 1.72 x 1072 em?/s ( © (15)
Ar
2
| TeV
(Vv ~ 6.38 X 10724 cm?/s ( © (16)
Ag
2
| TeV
(V) gy ~ 5.93 % 1072 cm?/s ( © (17)
T

Matching Qpmh? (i.e. (ov) ~ 10720 cm?3/s) for observed DM relic density [4, 28] points to viable
funnels for scalar (vector) DM with A, ~ 20 — 120 (20 — 40) TeV. In Figure 3, we present the
viable region of parameter space for the scalar case, in the m, — mg plane.

Note that for lower DM masses between ~ 5 — 80 GeV, the resonant radion mass (= 2me)
primarily decays to b-quarks at tree level. In this case there are stringent indirect DM bounds [29]
as shown in Figure 4.

5Tf therefore implies relativistic (relative) velocities v = /16T /(7mg), with corresponding Lorentz factors y(v).
SNote the helicity suppression for fermion DM near resonance m v = 2m,.
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Figure 4: Indirect bounds for r — bb compared to radion-portal predictions at A, = 20 TeV. The range
mpwm € [5,80] GeV is disfavored.

5. Conclusion

A stabilised RS1 model with DFGK back-reaction yields a consistent radion-portal WIMP
scenario. Scalar DM achieves the relic density for A, ~ 20-100 TeV; vector DM is viable in a
narrower resonance band of A, ~ 20-40 TeV; whilst fermion DM is disfavoured near resonance.
Classical control enforces m"™* (A ;m), giving m, < 250 GeV at (A, m;) = (20 TeV,4 TeV).

Present direct detection is weak in this regime; indirect searches exclude mpy € [5, 80] GeV when
r — bb dominates tree level decays.
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